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Recycling of Hþ -ATPase to the apical plasma membrane,
mediated by vesicular exocytosis and endocytosis, is an
important mechanism for controlling Hþ secretion by the
collecting duct. We hypothesized that SNAREs (soluble
N-ethylmaleimide-sensitive factor attachment proteins) may
be involved in the targeting of Hþ -ATPase-coated vesicles.
Using a tissue culture model of collecting duct Hþ secretory
cells (inner medullary collecting duct (IMCD) cells), we
demonstrated that they express the proteins required
for SNARE-mediated exocytosis and form SNARE-fusion
complexes upon stimulation of Hþ -ATPase exocytosis.
Furthermore, exocytic amplification of apical Hþ -ATPase is
sensitive to clostridial toxins that cleave SNAREs and thereby
inhibit secretion. Thus, SNAREs are critical for Hþ -ATPase
cycling to the plasma membrane. The process in IMCD cells
has a feature distinct from that of neuronal cells: the SNARE
complex includes and requires the vesicular cargo (Hþ -
ATPase) for targeting. Using chimeras and truncations of
syntaxin 1, we demonstrated that there is a specific cassette
within the syntaxin 1 H3 domain that mediates binding
of the SNAREs and a second distinct H3 region that binds
Hþ -ATPase. Utilizing point mutations of the B1 subunit of
the Hþ -ATPase, we document that this subunit contains
specific targeting information for the Hþ -ATPase itself. In
addition, we found that Munc-18-2, a regulator of exocytosis,
plays a multifunctional role in this system: it regulates SNARE
complex formation and the affinity of syntaxin 1 for Hþ -
ATPase.
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Vacuolar Hþ -ATPase is a ubiquitous multisubunit enzyme
that participates in a wide variety of cellular functions.1 The
renal collecting duct contains cells (a-intercalated cells and
inner medullary collecting duct (IMCD cells)) that are
specialized for Hþ transport.2 These cells express an Hþ -
ATPase at high levels that is localized to vesicles and to the
apical plasma membrane.3 The vacuolar Hþ -ATPase that
subserves Hþ secretion in these cells differs from the
ubiquitous endosomal vacuolar Hþ -ATPase in that a
different set of subunit isoforms (a4, d2, B1, C2, and G3)
are incorporated into this ATPase than are incorporated into
the ubiquitous form (a1, d1, B2, C1, and G1).2,4,5 Many
factors including subunit assembly, activation by accessory
proteins, and electrochemical gradients play important roles
in regulation of Hþ secretion.1 However, constitutive and
regulated exocytic insertion and endocytic retrieval of the
Hþ -ATPase containing vesicles to and from the apical
plasma membrane are the primary means for controlling the
density of Hþ -ATPase in the apical membrane and thereby
the rate of proton transport by these cells.6,7 In this review,
the focus will be on the exocytic features of Hþ secretion
regulation. The molecular machinery involved in the
targeting and exocytic insertion of Hþ -ATPase into the
apical plasma membrane of collecting duct acid-secretory
cells will be characterized.
To evaluate the process for targeting and inserting Hþ -
ATPase-coated vesicles into the apical membrane, we have
developed a tissue culture model of collecting duct Hþ
secretory cells. An IMCD cell line derived from the terminal
third of the rat inner medullary collecting duct retains
characteristics typical of a-intercalated cells.8 These cells
express cytosolic carbonic anyhydrase II, basolateral AE1, and
an Hþ -ATPase that has subunits typical of the Hþ -ATPase
that resides both in a pool of subapical vesicles and in the
apical membrane of acid-secretory cells.9–11 Cell acidification
increases apical membrane content of the Hþ -ATPase by
exocytic insertion of proton pump-coated vesicles into this
apical domain as it does in the intact collecting duct.9 The
signal transduction cascade, activated by cell acidification,
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that is required to induce exocytosis includes activation of
phospholipase C leading to the release of inositol 1,4,5-
trisphosphate and diacylglycerol, an increase in cytosolic
calcium and activation of calmodulin.12 Proton transport
induced by this acid load is sensitive to specific inhibitors of
the Hþ -ATPase such as bafilomycin.12 Conversely, cell
alkalinization induces endocytosis and reduces apical mem-
brane Hþ -ATPase content.9,12
The phenomena of targeted plasma membrane recycling,
mediated by exocytosis and endocytosis, is exhibited by most,
if not all, eukaryotic cells. Regulated exocytosis has unique
functional importance and has been extensively characterized
in neurosecretory cells (synaptic transmission).13,14 The
loading of the synaptic vesicles with cargo (neurotransmitter)
is a process driven by the vacuolar Hþ -ATPase that coats the
synaptic vesicle. The electrochemical gradient generated by
this pump is the driving force of neurotransmitter uptake.
The targeting and fusion of these neurotransmitter contain-
ing Hþ -ATPase-coated vesicles to the plasma (synaptic)
membrane has been shown to be dependent on SNAREs
(soluble N-ethylmaleimide-sensitive factor attachment pro-
teins).14 SNAREs are transmembrane proteins that exist as
interacting sets. The vesicle membrane SNAREs (synapto-
brevins or VAMPs) are called v-SNAREs and the target
membrane SNAREs (syntaxins and SNAP-25 (N-ethylmalei-
mide-sensitive factor attachment protein-25)) are called
t-SNAREs. There are multiple SNARE isoforms and most of
these are segregated to specific membrane compartments.15
The precision with which SNAREs interact determines, in
part, the fidelity of vesicle targeting.16 In this way, SNAREs
regulate compartment uniqueness and determine the transfer
of material during vesicular trafficking. v-SNAREs and
t-SNAREs have helical domains, and upon induction of
regulated exocytosis, the v-SNARE, VAMP-1 in synaptic
vesicles and the t-SNARE, syntaxin-1, and SNAP-25 in the
plasma (synaptic) membrane interact to form coil–coil
bundles that tether the vesicular and target membranes
together.17 Local calcium activity changes mediated by
synaptotagmin induce a conformational change in the
SNARE complex leading to membrane fusion.18 Finally, this
complex of SNAREs recruits soluble N-ethylmaleimide-
sensitive factor (NSF) and NSF attachment protein (ag-
SNAP).13 These latter proteins mediate ATP-dependent
dissociation of this large SNARE complex so that these
proteins can participate in another round of exocytosis.18
On the basis of functional similarities between recycling
synaptic vesicles and Hþ -ATPase-coated vesicles that are
targeted to the apical membrane of intercalated cells, we
hypothesized that a similar SNARE process might be involved
in the targeting of Hþ -ATPase-coated vesicles to the apical
membrane. For this hypothesis to be correct, renal epithelial
cells would need to express an array of functional SNAREs.
Throughout the kidney and specifically in IMCD cells many
isoforms of syntaxin have been identified. Syntaxin 4 is found
in the apical membrane of principal cells, syntaxin 2
primarily in glomeruli, and syntaxin 3 in collecting duct
cells.15 In our studies in IMCD cells we have identified five
syntaxin isoforms by immunoblot and polymerase chain
reaction (1a, 1b, 2, 4, and 5). All of these syntaxins can be
found in the apical plasma membrane and any one of these
could serve as the target SNARE for Hþ -ATPase exocyto-
sis.19,20 The other required t-SNARE is an isoform of
SNAP-25. SNAP-25 expression is primarily restricted to
neuroexcitable cells, whereas SNAP-23 is found in most
non-neuronal cells such as the kidney. IMCD cells express
SNAP-23 and this SNARE forms a complex with syntaxin
1.21,22 The last element required for SNARE-mediated
exocytosis is the appropriate v-SNARE. Similar to the intact
kidney, IMCD cells express at least two v-SNAREs, VAMP-2
and -3. VAMP-2 is associated with Hþ -ATPase-containing
vesicles. Thus IMCD cells have all of the protein machinery
required to have SNARE-mediated exocytosis.
An important tool for documenting the role of SNAREs in
the exocytic process was the discovery that Clostridia toxins
(botulinum and tetanus) block this exocytic cascade. These
toxins are Zn-dependent proteases that cleave specific SNARE
proteins.23 The tetanus and botulinum toxin isoforms B, D, F,
and G cleave VAMP; botulinum A and E cleave SNAP-25 and
-23, and botulinum C cleaves syntaxin and SNAP-25. The
utilization of these toxins has helped define the specific role
that each of the target proteins plays in exocytosis. When
IMCD cells are exposed to these toxins there is a reduction in
the cellular content of the targeted SNARE (proteolysis) and
as a consequence a marked reduction in apical membrane
amplification of Hþ -ATPase and rate of Hþ secretion.21,22,24
Similar effects have also been described in the rat epididymis
when exposed to tetanus toxin.25 These initial experiments
were consistent with the proposal that SNAREs mediate cell-
acidification-induced-regulated exocytosis and apical mem-
brane Hþ -ATPase amplification.21,22,24
In neurosecretory cells, regulated exocytosis is mediated
by the close interaction between the v- and t-SNAREs with
the formation of a docking complex (20 S complex)
composed of the v- and t-SNAREs, NSF, and ag-SNAP
followed by ATP-mediated priming and Ca2þ -dependent
fusion. We have characterized the formation of a similar
complex in IMCD cells induced by the signal that activates
regulated exocytosis. Antibodies directed against either the
31-kDa subunit of Hþ -ATPase, VAMP-2, or syntaxin co-
immunoprecipitated NSF, ag-SNAP, synaptotagmin, syn-
taxin, SNAP-23, VAMP-2, and subunits of the Hþ -ATPase
itself.21,22 Thus, all the proteins that have been identified in
neuronal exocytosis as a part of the core complex (v- and
t-SNAREs) and soluble proteins (NSF and SNAP) that make
up the fusion complex also exist in renal IMCD cells when
regulated exocytosis is stimulated.21,22 However, this complex
in IMCD cells has a feature that is distinct from that of
neuronal cells. The IMCD complex includes a protein that is
part of the cargo of the vesicle, a subunit of the Hþ -
ATPase.19,20 The formation of this complex and the ultimate
trafficking of the Hþ -ATPase to the apical membrane can be
blocked when cells are treated with tetanus toxin.21,22 The
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presence of Hþ -ATPase and the effect of tetanus toxin
provide evidence that the complex that was isolated is related
to SNARE-regulated Hþ -ATPase exocytosis. In addition, the
isolation of an Hþ -ATPase with the standard components of
the 20 S complex suggests that the Hþ -ATPase per se may
play some specific role in targeting and fusion of the vesicles
they decorate.
This role of SNAREs in targeting is somewhat contro-
versial because SNARE pairing can be promiscuous. VAMP-2
can form coil–coil complexes with almost all of the known
t-SNAREs expressed in renal epithelia. Thus, factors in
addition to selective SNARE distribution and pairing may be
required for the fidelity of the targeting process. Enhance-
ment of the selectivity of SNARE-mediated targeting would
occur if the t-SNARE had a specific receptor site of high
affinity for a non-SNARE cargo protein in the vesicle
membrane. We believe that Hþ -ATPase fulfills that role.
Renal acid-secretory vesicles may be targeted, in part, by an
interaction between the apical membrane syntaxin 1A and a
non-SNARE vesicular-coating protein, the Hþ -ATPase. To
test this hypothesis we initially examined the ability of fusion
glutathione S-transferase-syntaxin isoforms to form com-
plexes with v-SNAREs and Hþ -ATPase derived from
detergent (Triton-X-100)-solubilized extracts from the renal
medulla of rats.21,22 The isoforms of syntaxin evaluated
(syntaxin-1A, -1B, -2, -4, and -5) included only the syntaxins
that are expressed by rat kidney and present in the apical
membrane of intact tubular epithelial cells with the exception
of syntaxin-5, a non-plasma membrane syntaxin that served
as a control for these assays. Syntaxin 3, which is also
expressed in the plasma membrane of renal epithelial cells,
was not evaluated because it has been shown to be localized
to only the basolateral membrane of renal tubular epithelial
cells of the collecting duct.15 In the pull-down assay, utilizing
glutathione S-transferase-syntaxins bound to glutathione–se-
pharose beads, we demonstrated isoform specificity in that
only syntaxin-1 (1Ab1B) bound both V1 and Vo H
þ -ATPase
subunits, whereas none of the other isoforms (syntaxin-2, -4,
and -5) bound Hþ -ATPase subunits.20 However, all syntaxin
isoforms examined bound VAMP and SNAP-23. Thus, the
interaction between the proton pump and syntaxin appears
to be mediated by the binding of the proton pump to a single
SNARE, syntaxin 1. Paring of syntaxin-1 with Hþ -ATPase is
direct and likely necessary for targeting these vesicles to the
apical membrane.
To demonstrate that this mechanism is operative in intact
cells, we examined the effect of expressed constructs of
syntaxin, in cultured IMCD cells, on apical membrane Hþ -
ATPase amplification. We developed cell lines that express
truncated forms of syntaxin-1A and syntaxin-4 that had
deletions of the membrane-binding domain (C) (synt-1ADC
and synt-4DC) but not the SNARE-binding domain (H3).19
These cells expressed a soluble non-membrane bound form
of syntaxin. If binding to the SNARE is required for targeting,
these soluble forms should act as inhibitors. As predicted, the
expression of synt-1ADC in IMCD cells, but not synt-4DC,
resulted in significant inhibition of Hþ -ATPase exocytosis.19
These observations indicate that interaction between syntax-
in-1A, an apical membrane syntaxin, and the Hþ -ATPase is
specifically required for the targeting and fusion of proton
pump-laden vesicles with the apical membrane.
Syntaxin 1A, like other syntaxin isoforms, contains three
domains: an N-terminal SNARE N-terminal domain, which
is believed to have regulatory functions in SNARE-mediated
fusion, an H3 domain, which provides one helix to form the
synaptic fusion core complex with the cytoplasmic domain of
VAMP-2 (the second helix of the core), and the N- and C-
terminal domains of SNAP-25 or SNAP-23 (the third and
fourth helices), and a C-terminal transmembrane domain,
which enables syntaxin to anchor to the plasma membrane.14
It is likely that the SNARE- and Hþ -ATPase-binding
domains of syntaxin 1A reside within the H3 domain. To
characterize the regions within the H3 region that subserve
each of these functions we generated a large series of
truncations and chimeras of this H3 region of syntaxin. The
ability of these constructs to bind VAMP-2, SNAP-23, and
Hþ -ATPase was assessed in both in vitro and in cultured
cells. Our results indicate that the N-terminal half of the H3
domain of syntaxin 1A has elements that bind SNAP-23 and
VAMP, whereas the C-terminal half has elements that bind
Hþ -ATPase. In IMCD cells, the interaction between syntaxin
1A and Hþ -ATPase involves both non-SNARE and SNARE
proteins to mediate and regulate the insertion of the proton
pump into the apical plasma membrane of these cells. The
initial coupling between syntaxin 1A and Hþ -ATPase,
through the specific Hþ -ATPase-binding domain, takes
place by a non-SNARE (non-coil–coil) mechanism, whereas
subsequent events (fusion) involve the formation of an
SNARE core complex of t-SNARE, syntaxin 1A, and SNAP-23
in the plasma membrane and v-SNARE, VAMP-2 from the
Hþ -ATPase-containing vesicles. Thus syntaxin 1A subserves
a dual role in the process of Hþ -ATPase apical membrane
amplification: targeting of the Hþ -ATPase to the apical
membrane via a specific cassette in the H3 domain and
fusion via a second cassette within H3 that mediates SNARE
interaction.
Although our studies document a role for the Hþ -ATPase
in targeting itself by interacting with syntaxin 1A, our earlier
studies did not identify the specific subunit(s) that interacted
with syntaxin. On the basis of the topography of the Hþ -
ATPase with a Vo domain that consists of integral membrane
proteins and a V1 domain that consists of peripheral or
cytosolic proteins, we predicted that the targeting subunits
reside within the V1 domain. We demonstrated that the B1
subunit of V1 possesses targeting information for the Hþ -
ATPase. In this study, either B1 subunit GFP-tagged
constructs that mimic seven known point mutations that
cause inherited distal renal tubular acidosis or wild-type GFP
B1 constructs were transfected into IMCD cells.26,27 The
wild-type B1 construct assembled with other Hþ -ATPase
subunit to form complete proton pumps and these assembled
pumps trafficked normally to the apical membrane. In
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contrast, the B1 constructs that harbored the point mutation
did not assemble with other Hþ -ATPase subunits. Remark-
ably, these unassembled B1 mutants not only displayed
normal cell pH-dependent-regulated exocytic insertion into
the apical membrane but also competed with endogenous
pumps for trafficking to the apical membrane. Therefore, we
conclude that the B1 subunit probably contains some of the
specific targeting information for the interaction of the
assembled Hþ -ATPase with apical membrane SNAREs.
Beyond the use of multiple, targeted isoforms of SNARE
proteins, additional mechanisms may contribute to targeting
specificity. This may involve the signal cascade that activates
and unmasks the targeting-fusion machinery. For example,
the signal cascade that results in regulated exocytosis of
Hþ -ATPase is distinct. For Hþ -ATPase vesicles, an acute
fall in pHi in IMCD cells that results in exocytosis includes
inositol 1,4,5-trisphosphate and DAG formation with an
increase in cytosolic Ca2þ and activation of protein kinase
(PK) C.28,29 For AQP2 vesicles, the signal cascade requires
the accumulation of cyclic adenosine monophosphate
and activation of PKA. Several studies have demonstrated
that a wide variety of kinases including PKC, Ca2þ /CaM
kinase, and PKA modulate synaptic vesicle function through
specific SNARE regulators.17 One such PKC-dependent
regulator expressed in the collecting duct and IMCD cells
is Munc-18-2. Munc has been shown to participate in
the regulation of exocytosis in many cells types. When
Munc binds to syntaxin, it modifies the conformation
of syntaxin to a closed state.30 In the closed state, syntaxin
will not bind SNAP-23 or VAMP-2 and thus will not form
a fusion complex. On activation of regulated exocytosis
in IMCD cells we have shown that the association of
Munc-18-2 with syntaxin 1A decreased, whereas the
association between syntaxin 1A and Hþ -ATPase increased.
Because syntaxin 1A possesses a membrane-binding domain
and Munc-18-2 does not, the dissociation of Munc from
syntaxin should result in the dissociation of Munc from
the membrane fraction where syntaxin 1A is localized.
Indeed, after cells are subjected to cytosolic acidification,
the apical membrane from these cells contained less
Munc and increased Hþ -ATPase but had no measurable
change in syntaxin 1A. The effects of cell acidification on
H+-ATPase
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Figure 1 | A proposed molecular mechanism for the targeting and fusion of Hþ -ATPase-coated vesicles in collecting duct cells.
(a) In unstimulated cells apical plasma membrane, syntaxin 1A is bound and inactivated by Munc-18-2. (b) After acute cell acidification,
Munc-18-2 is phosphorylated by PKC. (c) Munc-18-2 dissociates from and thereby activates syntaxin 1A. (d) Syntaxin 1A now has enhanced
affinity to bind both Hþ -ATPase (targeting) and SNAP23. (e) The SNAP23–syntaxin 1A complex becomes a receptor that interacts with
vesicular VAMP-2 to from a SNARE pin. (f) The SNARE complex induces fusion of the vesicular and plasma membranes leading to insertion
of the Hþ -ATPase into the apical membrane (g).
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Munc–syntaxin dissociation and syntaxin activation are
thought to be regulated by PKC, a known effector in the
exocytosis-signaling cascade initiated by cell acidification.
Utilizing two different but highly specific PKC inhibitors we
have shown that the dissociation of Munc from syntaxin and
apical membrane Hþ -ATPase amplification after cell acid-
ification can be inhibited. Furthermore, the overexpression of
Munc in the intact cells, without change in the cellular level
of Hþ -ATPase expression, results in a reduction in the rate of
proton pumping after an acid load.30 Thus increased Munc
expression in the intact cells appears to reduce Hþ -ATPase
function.30
To study directly the effect of Munc-18-2 on the binding
of Hþ -ATPase, and other SNARES to syntaxin 1A we used an
in vitro assay.30 In this in vitro assay, we demonstrated that
the ability of glutathione–sepharose beads coated with
glutathione S-transferase-syntaxin 1A to bind Hþ -ATPase
or VAMP-2 was reduced when exposed to Munc-18-2. Thus,
Munc not only regulates SNARE complex formation but also
regulates the affinity of syntaxin 1A for the Hþ -ATPase and
therefore Munc participates in the control of Hþ -ATPase
vesicle targeting to the apical membrane.
A model that summaries the mechanism for targeting and
fusion of Hþ -ATPase decorated vesicles to the apical
membrane is presented in Figure 1. In unstimulated
cells (panel a) syntaxin 1A in the apical plasma membrane
is bound and inactivated by Munc-18-2. After acute cell
acidification Munc-18-2 is phosphorylated by PKC (panel b)
and then Munc-18-2 dissociates from and thereby activates
syntaxin 1A (panel c). The activated syntaxin 1A now has
enhanced affinity to bind both Hþ -ATPase (targeting) and
SNAP-23 (panel d). The SNAP-23-syntaxin 1A complex
becomes a receptor that interacts with vesicular VAMP-2 to
from a SNARE pin (panel e). The SNARE complex induces
fusion of the vesicular and plasma membrane (panel f)
leading to insertion of the Hþ -ATPase into the apical
membrane (panel g). With formation of the SNARE complex
NSF and ag-SNAP combine with this complex and induce,
in an ATP-dependent manner, dissociation of the SNAREs
once fusion is complete.
The targeting of various types of vesicles in IMCD cells
almost certainly has multiple levels of control: specificity of
SNAREs, differences in signal cascade, and effectors of that
cascade and unique targeting proteins such as the vesicular
cargo—the transporters themselves. These multiregulatory
mechanisms provide uniqueness to the regulation of
acid–base transport compared to other transport processes.
The continued study of these mechanisms for specificity will
provide many new insights into the contribution of the
SNARE system to targeting and exocytosis.
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